Slow-pyrolysis is a treatment technology that is being explored for treatment of faecal sludge (FS) from onsite sanitation technologies. Next to pathogen inactivation, the technology produces treatment products. Revenues from these products could offset treatment costs and contribute to financially viable sanitation. In comparison to lignocellulosic biomass and other biowastes, little information is available on operating parameters for FS pyrolysis to produce char for different resource recovery options. In Kampala, Uganda, this bench-scale study investigated the influence of FS char had characteristics for soil enhancement comparable to biowaste and lignocellulosic biomass chars, with heavy metal concentration exceeding guideline concentrations. The most suitable temperature needs to be selected based on plant and soil type, and legal regulations.
fail due to a lack of financial resources for operation and maintenance (Bassan et al. ) . Designing treatment processes to allow resource recovery from treatment products could create revenues and contribute to the sustainability of treatment plants (Diener et al. ) .
Resource recovery options include soil conditioners and fertilisers, fuels, feedstock for anaerobic digestion or animal protein production, and building material components (Diener et al. ) .
The market value of FS treatment products is dynamic and varies between regions and countries. For example, market research indicates that fuels generate the largest revenue in Sub-Saharan Africa (Diener et al. ; Gold et al. ) . Treatment technologies that can produce several products when changing operating parameters might best harness their local market value. Pyrolysis, the thermochemical conversion of biomass in the absence of oxygen into solids (e.g., char), liquids (e.g., tars, water), and gases (e.g., carbon dioxide) is an example of such a technology (Basu ) . During slow-pyrolysis (hereafter referred to as pyrolysis), the biomass is exposed to a slow heating rate considering the biomass residence time (Basu ) . Pyrolysis 
).
The objective of this study was to identify the pyrolysis temperatures and hold times required to produce char from FS for three different resource recovery options: solid fuel production, soil enhancement, and carbon sequestration, to optimise operation, meet local market demands, and generate revenue to support long-term operation of FS treatment plants.
MATERIAL AND METHODS

This research was conducted over nine months (January to
September 2016) in Uganda and Switzerland.
Pyrolysis feedstock preparation
The 
RESULTS AND DISCUSSION
Results of replicate analyses of dried FS and char characteristics of this study are available on the Open Science Framework (Gold ). 
Feedstock characteristics
Influence of pyrolysis temperature on char characteristics and resource recovery
Pyrolysis temperature is also an important operating parameter with a strong influence on char production, characteristics, and the energy balance of pyrolysis reactors.
In this study, differences in char characteristics were observed between different pyrolysis temperatures, indicating that pyrolysis temperatures could be selected to optimise the characteristics for the intended resource recovery options. As the differences in characteristics with different hold times were small, in the following presentation of results, mean values for the three hold times are used. 
Solid fuel
Char yield, calorific value, and ash content are important metrics for the use of pyrolysis to produce solid fuels. Calorific value is an estimate of the char's energy content, and ash is an indicator of the quantity of char that will not combust and accumulate in a stove or kiln, interfering with efficient combustion. High char yields and calorific values, and low ash content are desirable characteristics for solid fuels.
As summarised in Table 1 As summarised in Table 1 , in this study, phosphorus and Plant-P increased with pyrolysis temperature. As illustrated in Figure 1 , considering the standard deviation of the results at the same temperature, the proportion of phosphorus that could be plant available (e.g., plant-P/P) did not vary between temperatures. Comparing these results to those in literature in Figure 1 indicates that the influence of pyrolysis temperature on phosphorus and Plant-P for FS is different to that for lignocellulosic biomass. Figure 1 ). These results suggest that, in contrast to lignocellulosic biomass, the phosphorus in FS char can be increased with pyrolysis temperature without decreasing its availability to plants. However, the use of different analytical methods to determine Plant-P in these studies may limit comparison.
As illustrated in Figure 2 and summarised in Table 1 ysis temperature was not observed in this study, however, the pyrolysis temperature was limited to 600 C. These analyses should be replicated for situations where FS char is produced at a higher pyrolysis temperature for use as soil conditioner.
As summarised in Table 1 Whether the other evaluated heavy metals met or exceeded 
Carbon sequestration
High total carbon and carbon stability are important parameters for the use of pyrolysis to produce char for carbon sequestration, which can mitigate climate change by incorporating stable carbon into the soil (Bruun et al. ) .
Total carbon is an estimate of the amount of carbon available for sequestration, and carbon stability is an estimate of its susceptibility to degradation in soils (Crombie et al.
).
As shown in Table 1 , in this study, total carbon decreased and carbon stability increased with increasing pyrolysis temperature. This suggests that a high pyrolysis temperature, 450 or 600 C in this study, is most suitable for carbon sequestration. However, as more carbon would be released to the atmosphere at high pyrolysis temperatures, a suitable temperature for carbon sequestration needs to be determined through creating a carbon balance considering the reactor-specific recovery of carbon from liquid and gaseous pyrolysis products (Crombie & Mašek ) .
Overall, at 450-600 C, the carbon stability of FS char was similar to that of lignocellulosic biomass char, but its carbon content was three times lower (Rajkovich et al.
; Crombie et al. )
. This means that three times more FS-char needs to be applied for the same amount of carbon sequestration in soil. This could still be an interesting resource recovery option when combined with the benefits of soil enhancement.
CONCLUSIONS
This bench-scale study conducted in Kampala, Uganda, identified conditions for two important operating parameters, hold time and pyrolysis temperature, for the slow-pyrolysis of FS into char for solid fuel production, soil enhancement, and carbon sequestration. These products can generate higher revenues than conventional products, such as compost, and thereby contribute to financially sustainable FS treatment. However, limited research and operational experience are available for pyrolysis, air emissions are produced, and safe operation requires reliable supply chains and skilled labour. Key findings include the following:
• Short hold times (such as 10 min) can be sufficient for the complete pyrolysis of FS.
• Recommended pyrolysis temperatures differ based on resource recovery options.
• The char produced in this study had poor properties as a solid fuel, but most parameters were comparable to chars of biowaste and lignocellulosic biomass for use to enhance soil and carbon sequestration.
• Based on the temperatures used in this study, the most suitable temperature for solid fuel production is 350 C, and that for carbon sequestration is 450 or 600 C.
• No specific temperature could be recommended for soil enhancement.
Future research could focus on testing FS chars with site-specific soils and plants to identify the optimal pyrolysis temperature for soil enhancement. Furthermore, pilot-scale studies are required to assess the transferability of this bench-scale study to wet/liquid FS with variable characteristics.
